In vitro and in vivo protein phosphorylations in oat (Avena sativa L.) coleoptile segments were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis and by two-dimensional gel electrophoresis. In vitro phosphorylation of several polypeptides was distinctly promoted at I to 15 micromolar free Ca2" concentrations. Ca2"-stimulated phosphorylation was markedly reduced by trifluoperazine, chlorpromazine, and naphthalene sulfonamide (W7). Two polypeptides were phosphorylated both under in vitro and in vivo conditions, but the patterns of phosphorylation of several other polypeptides were different under the two conditions indicating that the in vivo phosphorylation pattern of proteins is not truly reflected by in vitro phosphorylation studies. Trifluoperazine, W7, or ethylene glycol-bis-(j,-aminoethyl ether)-N,N'-tetraacetic acid (EGTA) + calcium ionophore A23187 treatments resulted in reduced levels of in vivo protein phosphorylation of both control and auxin-treated coleoptile segments. Analysis by two-dimensional electrophoresis following in vivo phosphorylation revealed auxin-dependent changes of certain polypeptides. A general inhibition of phosphorylation by calmodulin antagonists suggested that both control and auxin-treated coleoptiles exhibited Ca2', and calmodulin-dependent protein phosphorylation in vivo.
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The biochemical basis of the transduction of extracellular signals into intracellular events has long been a subject of great interest. There is now convincing evidence suggesting that a wide variety of regulatory agents, including both extracellular and intracellular messengers, produce diverse types of biological responses by regulating the state of phosphorylation of specific proteins (5, 14) . The diverse effects of cAMP in animal cells is accomplished by the activation of cAMP-dependent protein kinase (12) . During the activation of surface receptors of several hormones and neurotransmitters, phosphatidylinositol-4-,5-bisP is hydrolyzed leading to the release of diacylglycerol and inositol 3-P (14) . Diacylglycerol activates protein kinase C and inositol 3-P releases Ca2+ from the intracellular calcium stores into the cytoplasm. At AM concentrations, Ca2' activates calmodulin which in turn activates a variety of protein kinases (4, 5 have been shown to inhibit the Ca2"-promoted phosphorylation of a majority of these proteins (10, 11, 16, 17, 21, 25, 26) . Other cellular regulators in plants such as polyamines also regulate protein phosphorylation (27) . All these studies have been performed under in vitro conditions and there is a paucity of information on in vivo protein phosphorylation which would be helpful to understand the effect of hormones and other stimuli in altering calcium levels and thereby affecting protein phosphorylation. If intracellular Ca2+ concentration increases in response to an external stimulus, then calmodulin and calmodulin-dependent protein kinases will be activated leading to the phosphorylation of several proteins. Since phosphorylation of proteins is a covalent modification, those changes which occur in vivo in response to a stimulus could be evaluated by analyzing the phosphorylated proteins under suitable conditions.
In this direction we selected the auxin-responsive oat coleoptile segment system and first studied the effects of Ca2' and calmo- Preparation of Coleoptile Segments. Oat coleoptile segments were prepared as described earlier for maize (20) . When the coleoptiles were about 2.5 cm long, a sharp cut was made on the coleoptile just above the node and the coleoptiles were carefully removed free of the primary leaf. The coleoptiles were arranged on a plexiglass guide and 8 mm long segments beginning 3 mm from the tip were cut. These segments were immediately frozen in liquid N2, stored at -20'C, and subsequently used for in vitro phosphorylation studies within 1 to 3 d.
In Vitro Protein Phosphorylation. The oat coleoptile segments were homogenized and the soluble protein fraction obtained as described earlier for maize coleoptiles (26) except that 0.5 mm PMSF was added to the homogenizing and dialyzing media.
Protein was estimated by the method of Bradford (3) using BSA as the standard. Free Ca2" concentrations in the phosphorylation media were adjusted using CaCl2-EGTA buffers as described previously (18 (25) . In the in vivo phosphorylation experiments, subsequent to fixing in 10% TCA, the gels were treated with hot (90°C) 10% TCA for 20 min to hydrolyze nucleic acids and the gels were washed twice in 10% TCA (8) . After two-dimensional electrophoresis autora- Two-dimensional electrophoresis of phosphorylated polypeptides was performed to resolve further Ca2"-promoted protein phosphorylation. As seen in Figure 4 , phosphorylation of as many as 50 to 60 polypeptides was promoted to various levels in the presence of Ca2". Polypeptides 1 and 2 and those in group a were phosphorylated in the absence of Ca2" and exhibited only slight promotion of phosphorylation in the presence of Ca2 . However, polypeptide 3 and those in groups b, c, and d showed distinct promotion of phosphorylation in the presence of Ca2 . Addition of 50 Mm trifluoperazine markedly decreased the Ca2+-promoted phosphorylation of polypeptide 3 and those in groups b, c, and d without affecting the Ca2+-independent phosphorylation of polypeptides 1 and 2 and those in group a. Similarly, 100 MM W7 inhibited the phosphorylation of polypeptide 3 and those in groups c and d without affecting the phosphorylation of polypeptides 1 and 2 and those in group a. W7, however, did not inhibit the phosphorylation of polypeptides in group b. In Vivo Protein Phosphorylation. Several calmodulin antagonists such as chlorpromazine, fluphenazine, trifluoperazine, and W7 have been shown to inhibit auxin-induced coleoptile elongation (7, 19) . These studies suggested that auxin treatment may result in an increase in the intracellular Ca2+ concentration leading to the activation of calmodulin and calmodulin-dependent enzymes. We studied the auxin-regulated protein phosphorylation in oat coleoptile segments to understand whether any of the polypeptides which exhibited increased phosphorylation in vitro in the presence to Ca2' also showed higher levels of phosphorylation in vivo in response to auxin.
In Figure 5 , patterns of in vivo and in vitro protein phosphorylations are compared. The 65,000 Mr polypeptide phosphorylated in vitro in a Ca2+-independent manner and a 55,000 Mr polypeptide phosphorylated in vitro in the presence of Ca2+ were phosphorylated also under in vivo conditions. The in vivo and in vitro phosphorylation patterns of other proteins were strikingly different.
The effects of auxin and calmodulin antagonists on the total protein phosphorylation is shown in Table I . Protein phosphorylation in the control and auxin-treated coleoptiles was the same. However, trifluoperazine and W7 treatments and EGTA + A23 187 treatment, which depletes intracellular Ca2+ (8) , markedly reduced the net protein phosphorylation both in control and auxin-treated coleoptile segments. The effects of auxin and trifluoperazine on the pattern of protein phosphorylation are shown in Figure 5 . No major changes in the pattern of protein phosphorylation were caused by auxin and trifluoperazine. Similar results were obtained by W7 and EGTA + A23 187 treatments (results not shown).
Two-dimensional gel electrophoresis of in vivo phosphorylated proteins was performed to analyze minor auxin-induced changes The coleoptile segments were first incubated in 10 ml of indicated media for 1 h and subsequently for 30 min in the same media with 1 mCi of carrier-free 32Pi. Proteins were extracted and prepared for gel electrophoresis as described in "Materials and Methods." Aliquots of proteins dissolved in the NEPHGE sample buffer were used for protein and radioactivity determinations. in protein phosphorylation. The gels were stained with brilliant blue to compare the steady state levels of total proteins. Auxin treatment did not cause any detectable changes in the patterns of total proteins (data not shown). Analysis of phosphoproteins revealed that the phosphorylation of polypeptide A was higher in auxin-treated coleoptiles, whereas the phosphorylation ofpolypeptides B, C, and D were reduced in auxin-treated tissue (Fig.  6 ).
DISCUSSION
Ca2+ has been shown to promote the in vitro protein phosphorylation in several plants (10, 11, 16, 17, 21, 25, 26) . In some of these studies the effect of free Ca2" at micromolar levels has been established (1 1, 17, 21) . In extracts of oat coleoptile segments, distinct promotion of phosphorylation of several polypeptides occurred at 1 to 15 gM free [Ca2"], which is the physiological range for the activation of calmodulin. The promotion of phosphorylation of a large number of polypeptides, as deduced by two-dimensional analysis of proteins (Fig. 4) , points to the multitude of possibilities through which Ca2" and calmodulin could control the cellular metabolism. Two groups of calmodulin antagonists, phenothiazine drugs (chlorpromazine and trifluoperazine) and naphthalene sulfonamide (W7), inhibited Ca2+-promoted protein phosphorylation at low concentrations suggesting a role for calmodulin. In our earlier studies (25, 26) and in those of others (10, 16) in which 100 ,uM or higher free Ca2" concentrations were used, higher concentrations (200-500 j1M) of calmodulin antagonists were required to inhibit protein phosphorylation. In our present study and in other studies (17, 22) 5, 14) . In plants, studies on the modulation of pyruvate, Pi dikinase (PDK) in leaf chloroplasts revealed a complex mechanism in which the phosphorylation of the enzyme at a threonine residue rendered it inactive and dephosphorylation resulted in its activation. Interestingly, both kinase and phosphatase activities resided in one protein designed as PDK regulatory protein (for review see Edwards et al. [6] ).
Besides, in vivo phosphorylation studies have been performed in Lemna and Hordeum (24), tomato (22) , and carrot (9) .
In our present study, we have compared the in vivo and in vitro protein phosphorylation patterns in oat coleoptile segments to understand the involvement of Ca2" as a cellular messenger in auxin-induced coleoptile elongation. The 65,000 and 55,000 Mr polypeptides were phosphorylated both under in vivo and in vitro conditions but the phosphorylation patterns of other proteins were different under the two conditions. These results suggest that the phosphorylation patterns obtained in vitro may not entirely reflect the phosphorylation of proteins occurring within the tissue. Therefore, it is very important to compare the in vitro and in vivo phosphorylation patterns in studies relating protein phosphorylation to a physiological response. In vivo phosphorylation studies also indicated no major differences in the phosphorylation patterns of control and auxin-treated coleoptile segments. Calmodulin antagonists, trifluoperazine and W7, caused a reduction in the phosphorylation of proteins both in the control and auxin-treated coleoptiles. The reduction of phosphorylation does not seem to be due to any toxic effects of these inhibitors since, for the duration ofthe present experiments (90 min), these inhibitors did not cause any symptoms of toxicity such as amino acid leakage (19 
